This study investigated the effect of fermentation on the physicochemical properties of b-glucans in oat sourdough. Sourdoughs were produced from oat using homo-fermentative lactic acid bacteria, Lactobacillus plantarum 22134. The contents of total b-glucan and soluble b-glucan, the molecular weight (MW) of b-glucan and the viscosity of the extracted b-glucans were determined at 0, 4, 8, 10 and 12 h of fermentation. The total b-glucan content decreased from 4.89% to 4.23% after 12 h of fermentation. The soluble b-glucan concentration increased from 1.89% to 2.18% and then decreased to 1.97% after 8 h of fermentation. The content of b-glucans with MW > 10 5 decreased from 0 to 4 h of fermentation, followed by an increase and then a decrease after 8 h. The oat sourdough fermented for 8 h had high viscosity, which could be more beneficial for health and bread texture quality, especially for gluten-free breads.
Introduction
Oats contain approximately 3-7% b-glucan (Warrand, 2006) . The (1-3) (1-4)-b-D-glucans are linear nonstarch homo-polysaccharides occurring in the endosperm and aleuronic cell walls of oat. Humans do not possess enzymes to split the link of b-D-glucans (El Khoury et al., 2012) . In the human intestine, high b-glucan solubility and high molecular weight (MW) distribution result in increased viscosity, which can delays absorption of glucose and suppresses absorption of cholesterol and reabsorption of bile acids (Anttila et al., 2004) , that can promotes health benefits, such as improved glycemic response (Zhang et al., 2016) and decreased cholesterol level (Wang & Ellis, 2014) . Oat consumption was reported to be of benefit to those suffering from celiac disease (La Vieille et al., 2016) .
When oat is used in breads, it is necessary to make adjustments in various process parameters in order to guarantee high quality which is acceptable for the majority of the consumers. Of them, sourdough fermentation was widely used as it has the potential to improve the technological, nutritional, functional and sensory features of the resulted products. For example, a long fermentation of sourdough improved the softness of oat wheat bread after 3 days storage (Katina et al., 2006) . Besides, sourdough fermentation enhanced loaf-specific volume and crumb structure of all wholegrain oat breads (H€ uttner et al., 2010) . The combination of teff flour and selected sourdoughs allowed elaborating gluten-free (GF) breads with target sensory attributes, able to fulfil celiac consumer desires and demands (Campo et al., 2016) . Moreover, the LAB dominated in sourdoughs can produce the exopolysaccharides (EPS). EPS from LAB had potential to enhance loaf volume, shelf-life and staling rate, and textural properties of gluten based and GF products (Lynch et al., 2017) .
Additionally, processing conditions commonly used in the manufacturing of oat foods have an impact on molecular weight (MW) and solubility of b-glucan, resulting in altered viscosity. Extrusion could significantly affect the physicochemical properties of oat fibre except under conditions of high moisture (50-60 g/100 g) (Sayanjali et al., 2017) . Freezing and freeze-drying of oat bran bread and porridge affected the b-glucan solubility and viscosity by removing water of hydration from the b-glucan, protein and starch (Gamel et al., 2013) . The mechanical procedure increased low MW oat b-glucan (Harasym et al., 2015) . Besides, sour and sponge doughs had lower rates of b-glucan depolymerisation, leading to medium to high b-glucan MW range in breads when compared to straight-dough method (Gamel et al., 2015) . Even though sourdough bread had better potential over yeast-fermented breads in terms of preserving b-glucan MW and viscosity during baking process, little information is available about the change in the physicochemical property of oat b-glucan during the sourdough fermentation.
Therefore, the aim of this study was to evaluate the effect of oat sourdough fermentation by L. plantarum 22134 on the physicochemical property of oat b-glucan. Accordingly, an in vitro digestion was used to extract b-glucans from the oat, followed by testing the viscosity. Moreover, changes in the concentration, solubility and MW of the extracted b-glucan were determined, and the impact of changes in fermented oat products was discussed with regard to the health characteristics of b-glucans.
Materials and methods

Materials
Oat cultivar 'Baiyan-2' was supplied by the Academy of Agricultural Sciences of Baicheng City of Jilin Province, China. Firstly, oats were washed twice at room temperature and dried in an oven at 50°C. Then, the oats were steamed for 20 min, followed by drying again. Finally, the wholegrain oats were milled using a M2 universal mill (IKA-Werke, Staufen, Germany) with a 40 mesh screen. The oat flour contained 11.66% moisture, 5.17% total b-glucans of dry matter (d.m.) and 1.88% soluble b-glucans of d.m. The L. plantarum 22134 from the China Center of Industrial Culture Collection (Beijing, China) was applied for sourdough.
Oat sourdough preparation
After cultivation of L. plantarum 22134 for 12 h (logarithmic phase of growth), the culture was centrifuged at 8000 g for 10 min, and the pellets were collected, washed twice with 0.9% physiological saline solution, followed by resuspending in sterile water. Afterwards, 100 g of oat flour, 80 mL of sterile water and 20 mL of cellular suspension containing 10 10 colony-forming units (CFU) of lactic acid bacterial strain per mL (approximately 10 8 CFU g À1 of dough) were used to produce 200 g of dough with a continuous high-speed mixer (60 g; dough mixing time, 5 min). Sourdoughs were fermented in a fermentation room at 30°C.
Sampling was performed aseptically at 0, 4, 8, 10 and 12 h for further analysis.
Cell viability, pH and total titratable acids of oat sourdough
Cell viability, pH value and total titratable acids (TTA) level of the sourdoughs fermented at 0, 4, 8, 10 and 12 h were measured as described previously (Gerez et al., 2012) . Cell numbers of L. plantarum 22134 were estimated by plating on mMRS agar medium at 30°C for 48 h. The results were expressed as log CFU g À1 . The pH of the sourdough was measured with a pH meter (Sartorius pH/mV-Meter, Germany). The level of TTA was determined using a 0.1 mol L À1 standard caustic soda solution.
Extraction of oat b-glucans
Sourdough samples (30 g) were dispersed in 95 mL of phosphate buffer (pH 6.9). Afterwards, an in vitro extraction protocol was used as described by Beer et al. (1997) . Finally, the mixture was centrifuged at 9000 g for 10 min, and the supernatant was diluted to 100 mL. The content, MW and viscosity of b-glucans in the supernatant were determined as described below.
Determination of b-glucan from oats
Total b-glucan content was determined by the Megazyme Mixed-Linkage-b-glucan assay kit (AOAC method 995.16, Ireland). The amount of soluble (extractable) b-glucan in suspension was tested using the b-glucan mixed-linkage assay (AOAC 995.16) with some modifications. A volume of 1 mL of the supernatant described above was taken and incubated with 3 mL of NaH 2 PO 4 buffer (pH 6.9) without ethanol. Then, the performance followed the standard protocol of the kits.
MW and viscosity of the extracted b-glucans
The MW was determined by size exclusion high-performance liquid chromatography (1200 series, Agilent Technologies, China) as described previously (Tosh et al., 2010) . The viscosity of the supernatant was measured using a controlled strain rheometer (Discovery HR-2, TA Instruments, New Castle, DE, USA) fitted to a cone-and-plate geometry (angle of 0.04 radians, diameter of 50 mm). Viscosities were measured at 37°C in a shear rate ranging from 400 to 0.1 s À1 . The apparent viscosity was recorded at the shear rate of 30 s À1 on down cycle, primarily for consistency with early publications (Tosh et al., 2010) .
Statistical analysis
Data were analysed using SPSS for Windows (version 15.0; SPSS Inc, Chicago, IL, USA) following a oneway linear ANOVA model. Duncan's multiple range test was applied for mean separation for significant differences among treatments at P < 0.05 significance level. Unless mentioned, the data were presented as means of three replicates AE standard deviation.
Results and discussion
Physical properties
The LAB counts, pH value and TTA level of oat sourdough were monitored over the fermentation process (Fig. 1a) . The doughs were inoculated at an initial concentration of 8 9 10 8 CFU g À1 to ensure a high cell viability consistent with the probiotic concept (Russo et al., 2015) . The pH value decreased from 5.98 to 3.88 after 12 h of fermentation. The pH was more than 4.0 during the first 8 h, and it seemed normal because more than pH 4.0 was also observed in oat-based matrices fermented for 8 h with L. plantarum strains (Gupta et al., 2010) . In general, pH significantly decreased after 4 h of fermentation, to achieve stability after 10 h, almost the same as observed for TTA level, and the LAB population almost did not change from 8 to 10 h of fermentation, followed by a rapid increase at 12 h of fermentation. During sourdough fermentation, LAB can produce acid compounds to decrease the pH value and increase the TTA level, which can assist in controlling the proliferation of undesirable microbe and affect the flavour of the products.
Total b-glucan content in oat sourdough
The content of total b-glucan (sum of soluble and insoluble b-glucans content) in oat sourdough was determined by the Megazyme Mixed-Linkage-b-glucan assay kit (Fig. 1b) . The total b-glucan content in oat sourdough decreased from 4.89% to 4.23% (P < 0.05). Reductions in the oat b-glucan levels were associated with the strains used in the fermentation (Lambo et al., 2005) . In this study, the degradation of b-glucans was due to L. plantarum as the b-glucanase in oat was inactivated by heating for 20 min. Moreover, the cereal b-glucan fractions were suitable substrates for LAB to support their growth (Arena et al., 2014) . As a result of the rapid growth of L. plantarum, the total b-glucan content decreased significantly (P < 0.05) after 8 h of fermentation. When the fermentation time was extended, the b-glucan level decreased, resulting in health benefits, such as reducing glycemic response (Zhang et al., 2016) and lower cholesterol level (Wang & Ellis, 2014) .
Soluble b-glucan content in oat sourdough
In the in vitro digestion process, the content of extracted b-glucan varied at different time (Fig. 1b) . The content of soluble b-glucan tended to decrease but not significantly (P < 0.05) within 4 h of fermentation. While the number of LAB increased, they utilised the soluble b-glucan. Then, the content of soluble b-glucan increased from 4 to 8 h of fermentation, which may be due to the degradation of the insoluble b-glucan by the LAB's b-D-glucosidases (EC 3.2.1.21) (Williams, 1996) . This period was a lag phase in the growth curve. The LAB counts were almost stable, and they consumed little b-glucan during this period. As they produced lots of enzymes for their growth, much insoluble b-glucan was degraded into soluble b-glucan. After 8 h of fermentation, the content of soluble b-glucan decreased as LAB rapidly consumed the carbohydrate fraction for its own propagation. Overall, long fermentation can decrease the content of soluble b-glucan. However, long fermentation is not good for oat sourdough because the soluble b-glucan in oats can reduce glycemic responses after meals (Zhang et al., 2016) .
MW of soluble b-glucan in oat sourdough
The MW distribution profiles of b-glucans from fermented oat sourdough are depicted in Fig. 2 . The detailed MW data of the sourdoughs are presented in Fig. 1a . The MW distribution profiles of b-glucans were similar to each other (Fig. 2) , except the b-glucans with MW > 2.5 9 10 6 which were undetected at 12 h (purple line in Fig. 2 ). This may be due to the degradation of soluble b-glucan by long fermentation. The content of b-glucans with MW > 10 5 initially decreased from 0 to 4 h of fermentation, followed by an increase and then decrease after 8 h. The change in the content of b-glucans with MW > 10 5 was contrary to the b-glucans with MW < 10 5 (Fig. 1a) . Actually, at 0-4 h of fermentation, the LAB degraded the high MW b-glucans to get carbohydrates for rapid propagation. Meanwhile, the b-D-glucosidases produced by LAB degraded the insoluble b-glucans, producing soluble high MW b-glucans. Consequently, the level of b-glucans with MW > 10 5 decreased slowly in the first 8 h of fermentation and then degraded quickly as a result of the rapid propagation of LAB after 8 h of fermentation. The result was similar to the b-glucan of barley as a result of degradation (Aman et al., 2004) .
Moreover, the high MW b-glucan was reported to be associated with viscosity enhancement and hypoglycaemic and hypocholesterolaemic effects (P erez-Quirce et al., 2017) , and the addition of b-glucans with high MW resulted in higher loaf volumes than the incorporation of those with low MW (Skendi et al., 2006) . Reasonably, the high MW b-glucans is preferred to be used in bakery. However, long fermentation can decrease the MW of b-glucans in oat sourdough, while fermentation for 8 h was found to be optimal in retaining high MW b-glucans.
Viscosity of the extracted b-glucans
The viscosity of b-glucans extracted from fermented sourdough was measured at 37°C at a shear rate range of 400 to 0.1 s À1 (Fig. 3) . Rheological properties of food products, especially apparent viscosity, were used as references for predicting their performance during processing (Salvador et al., 2002) . The extracted b-glucans exhibited a shear-thinning behaviour during the measuring of shear rates at 37°C. In fact, shear-thinning behaviour existed in many food materials (Kalegowda et al., 2017) , and it attributed to the disruption of random coil polymers and/or their parallel alignment with flow stream during shearing (Williams, 1996) .
Moreover, a highly positive correlation existed between viscosity and soluble b-glucan contents (Ahmad et al., 2009) . And the apparent viscosity was high with MW b-glucans (>8.0 9 10 5 ) in solution (Cui, 2000) , while it declined when decreasing the high MW b-glucan proportion in the sample (Brummer et al., 2014) . In this work, the content of soluble b-glucan and the b-glucan with MW > 10 5 at 0 and 8 h of fermentation was more abundant when compared with the others. The viscosity of the extracted b-glucans at 0 and 8 h of fermentation was high and reached the peak value of approximately 3.26 mPaÁs (P < 0.05). The viscosity of the extracted b-glucans at the other fermentation point was lower because of a fewer amount of the soluble b-glucan and the b-glucan with MW > 10 5 , especially at 12 h of fermentation. In addition, high viscosity had positive impact on the hypoglycaemic (Zhang et al., 2016) and hypocholesterolaemic effects (Wang & Ellis, 2014) , and can improve gas retention, producing loaves with a higher specific volume (Peressini et al., 2011) . In this study, the viscosity of doughs was high at 0 and 8 h of fermentation point. Considering that sourdough fermentation has the potential to improve the nutritional and sensory features of products, the oat sourdough fermentation for 8 h was more preferable in this work. When the viscosity decreased, more gas would release from the sourdough, leading to produce hard loaves, and it would decrease the hypoglycaemic and hypocholesterolaemic activity of b-glucan for health.
Conclusions
In this study, the contents of total b-glucan, soluble b-glucan and the high MW b-glucan decreased in oat sourdough by long fermentation. However, the oat sourdough fermented for 8 h retained high contents of soluble b-glucan, high MW b-glucan and high viscosity, and it may be a good choice for preparing bakery products, such as GF food. Accordingly, the next work should find a suitable formulation for preparing the GF bread with the 8-h fermented oat sourdough, and some in vitro and in vivo trials are required to determine the bioactivities of b-glucan in the future. 
